Chemical transfection can be achieved with widely used reagents such as cationic lipids, which neutralize the negative charge of DNA and facilitate entry into the cell by endocytosis. The integration of lipid-based transfection with contact spotting has enabled high-throughput transfection. In this technique, called reverse transfection, purified cDNA samples are mixed with transfection reagent and spotted onto glass slides [2] . The arrays are next seeded with cells, which undergo transfection in situ, resulting in exogenous gene expression. Unlike protein microarrays [3] [4] [5] , this method does not require individual purification of each sample and proteins can be analyzed in the natural cellular context. More than 5,000 samples can be printed on a single glass microscope slide using standard techniques [2, 6, 7] . This throughput enables massively parallel characterization of complex synthetic networks and the screening of genome-wide RNAi and cDNA libraries [8, 9] .
Although reverse transfection has been optimized for a variety of genetic materials [10, 11] and cell types [12] , methods for cell manipulation on the arrays still stand to be improved. Cell seeding and culturing is performed manually, and crosscontamination is a concern because spots on the array are not physically separated from one another. Standard reverse transfection offers poor control over the cell microenvironment and cannot support sophisticated downstream experiments.
Microfluidics could compensate for these shortcomings by providing a means to enclose each position on the array in a cell culture chamber. Microfluidic devices are readily fabricated using standard photolithography and soft lithography techniques [13] and contain micromechanical components such as valves that execute complex fluidic manipulations. These devices are characterized by high throughput, . CC-BY 4.0 International license not peer-reviewed) is the author/funder. It is made available under a
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This protocol describes the high-throughput transfection of mammalian cells on a microfluidic chip [15] . The device consists of two components: a glass slide patterned with transfection reagent, and a microfluidic device with chambers that support cell culturing (Fig. 1) . The 280 microfluidic chambers have a capacity of ~600 cells each. The chambers of the chip are aligned to the transfection array so that each chamber contains a unique transfection mixture. The arraying of DNAcontaining transfection mixtures is coupled to the arraying of poly-L-lysine (PLL), which serves to anchor the DNA to the glass slide. This process has been optimized to enable highly efficient transfection with low cross-contamination. The chip is operated and cultured in a microscopy setup, facilitating the interrogation of protein expression dynamics and synthetic gene network performance.
SECTION 2: MATERIALS

Mask and wafer fabrication
Cleanroom equipment for photolithography
• Computer-aided design (CAD) software.
• Heidelberg VPG200 laser lithography system (Heidelberg Instruments Mikrotechnik GmbH).
• DV10 developer (Süss MicroTec AG).
• Tepla300 dry etcher, oxygen plasma (PVA Tepla AG).
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• MA6 mask aligner (Süss MicroTec AG).
• Sawatec LSM250 programmable coater for SU-8 (Sawatec AG).
• EVG150 coater and developer system for positive resist (EV Group).
• Dektak XT surface profilometer (Bruker).
Chemicals and materials for photolithography
• Silicon wafers, diameter: 100 ± 0.5 mm, thickness: 525 ± 25 µm, conductivity type: N or P, dopant: Boron or Phosphorous, resistivity range: 0.1-100 Ωcm (Okmetic).
• Chrome-coated mask plates, 5x5 inches (Nanofilm).
• Developer MP 351 (Merck).
• Chromium etch CR7 MOS: (NH 4 ) 2 Ce(NO 3 ) 6 ; HClO 4 .
• TechniStrip P1316 (Microchemicals).
• AZ9260 photoresist (Clariant GmbH).
• Developer AZ 400K (Merck).
• GM1070 (Gersteltec).
• Propylene glycol methyl ether acetate (PGMEA).
• Isopropanol.
PDMS chip fabrication
Equipment for soft lithography
• Thinky mixer ARE-250 with adaptor for 100 ml PP beakers (C3 Prozessund Analysentechnik GmbH).
• Vacuum desiccator (Fisher Scientific AG).
• SCS G3P-8 spin coater (Specialty Coating Systems).
• Manual hole punching machine and pin vises, 21 gauge, 0.04" OD (Technical Innovations, Inc.).
• Stereomicroscope SMZ1500 (Nikon AG).
• Femto plasma cleaner (Diener electronic).
• 80°C oven.
Materials for soft lithography
• Trimethylchlorosilane (TMCS) (Sigma).
• Polydimethylsiloxane (PDMS), Sylgard 184 (Dow Corning).
• 100 ml polypropylene (PP) beakers.
• 10-cm diameter glass Petri dishes.
• Tweezers, scalpel.
• Scotch tape.
• Aluminum foil.
Microarray fabrication
• QArray2 microarrayer (Genetix GmbH).
• Conical-well, poly(propylene) 384-well plates (Arrayit).
• Arraying pin with a 300 µm spot diameter and 3.3 nl delivery volume (946MP9, Arrayit).
• Standard glass microscope slides, 76 x 26 x 1 mm (VWR).
• Glass slide rack and dish.
• Dish soap.
PLL and transfection mixture preparation
• NaOH.
• Ethanol.
• Milli-Q water.
• 0.1% poly-l-lysine (PLL) solution (Sigma).
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• Boric acid (Sigma).
• Sucrose (Sigma).
• Gelatin, Type B, 225 g Bloom (G-9391, Sigma).
• 0.1% fibronectin solution (F0895, Sigma) or bovine plasma fibronectin (F4759, Sigma, dissolved in water at 1 mg/ml).
• Supercoiled plasmid DNA (see Note 1); eGFP and tdTomato with CMV promoters.
• Effectene (Qiagen).
• 20 ml syringe with Luer-Lok tip.
• 25 mm syringe filter with 0.45 µm cellulose acetate membrane.
• Vortex.
• Small bench-top centrifuge.
Cell culture
• HEK 293-T cells.
• Autoclave.
• Dulbecco's Modified Eagle Medium (DMEM) (Life Technologies).
• Fetal bovine serum (FBS) (see Note 2) (Life Technologies).
• Antibiotic-antimycotic (Life Technologies).
• TrypleE express (Life Technologies).
• CO 2 independent medium (18045054, Life Technologies).
• GlutaMAX (Life Technologies).
• T-75 flasks, serological pipets, 0.2 µm filter, other standard cell culture materials.
• 25 ml laboratory bottles (Duran) with open-top cap (GL25, Schott) and silicone septa.
. [16] • Precision pressure regulator, BelloFram Type 10, 2-25 psi, 1/8" port size (960-001-000, Bachofen SA).
Microfluidic setup
• Bourdon tube pressure gauges, 0-30 psi, G 1/4 male connection (NG 63-RD23-B4, Kobold Instruments AG).
• Custom-designed manual manifolds (rectangular metal casing: 14.5 x 1 x 1") with toggles and barbs for 1/16" ID tubing, 1/4 NPT connection (Pneumadyne Inc.).
• Fittings to connect regulators to gauges and to luer manifolds: tee union (SO 03021-8) and male adaptor union (SO 01121-8-1/8) (Serto AG).
• Polycarbonate luer fittings (Fisher Scientific AG), multiport luer manifolds for flow inlet regulation (06464-87, Cole Parmer); male luer to luer connector (06464-90, Cole Parmer).
• Tygon tubing for pneumatic setup, 1/4" OD x 1/8" ID (Fisher Scientific AG).
• Disposable stainless steel dispensing needles to connect to syringe, 23 gauge, 1/2" long, 0.33 mm ID (560014, I and Peter Gonano).
• Flexible plastic tubing for fluidic connections, Tygon S54HL, 0.51 mm ID (Fisher Scientific AG).
• PTFE tubing for fluidic connections, 0.022" ID x 0.042" OD (Cole Parmer).
• Steel pins for chip-to-tube interface, Tube AISI 304 OD/ID x L 0.65/0.30 x 8 mm, cut, deburred, passivated (Unimed SA).
Microscope setup
• Nikon Ti-E Eclipse automated epi-fluorescence microscope.
• • Cube air heater and incubation chamber to enclose the microscope (Life Imaging Services).
• Ixon DU-888 camera (Andor Technology).
• NIS Elements, Fiji, and MATLAB imaging and image processing software.
SECTION 3: METHODS
Methods overview
High-throughput microfluidic transfection incorporates several techniques including photolithography, soft lithography, microarraying, operation of a microfluidic setup, and cell culture ( The assembled device is connected to a microfluidic setup. A suspension of cells is loaded into the channels, and valves are actuated to segregate individual chambers.
Medium is perfused through channels running parallel to the cell chambers, eliminating sheer stress during culturing. Diffusion from the channels introduces nutrients into and eliminates waste from the chambers. The cell chip is cultured directly on a microscope stage encased in an incubation chamber, enabling manipulation and monitoring of transfection over several days.
Mask and wafer fabrication
All mask and wafer fabrication steps are performed in a class 100 clean room. For researchers without access to a clean room or PDMS fabrication facilities, many commercial mold and device fabrication services are available. The design files of the transfection device are available for download from zenodo.org (https://zenodo.org/record/820777#.WVSrbhPfrOQ).
Chip design
1. The microfluidic device is designed using CAD software. The chip measures 1.6 x 5.8 cm and contains 280 culturing and transfection chambers (Fig. 2a) .
Two molds should be designed: one for the control layer (30 µm height), which contains the valves, and another for the flow layer (30 µm height), which contains the channels and chambers necessary for reagent introduction and cell culturing ( 2. Masks are developed using the DV10 instrument. The development dispenser is purged before the mask is placed inside the chamber and developer (a 1:5 MP 351:DI water mixture) is applied twice (15 s application followed by 45 s agitation), followed by rinsing and drying.
3. The chrome layer of the mask is etched in a perchloric acid solution for 120 s, then washed with water (quick dump rinse followed by an ultra pure water bath) and dried. The remaining photoresist is removed using TechniStrip 1316 (manual application to mask followed by complete immersion in bath for 10 min). The mask is washed with water (quick dump rinse followed by an ultra pure water bath) and air dried.
Control layer wafer fabrication
1. Wafers are cleaned with oxygen plasma for 10 min at 500 W power, 2.45 GHz plasma frequency, Gas: O 2 and CF 4 , max. flow 500 ml/min. 10. The features are measured using a Dektak XT surface profilometer.
Flow layer wafer fabrication
1. The flow layer is patterned with SU-8 (for the channel features) as described above. For the valve features, AZ9260 is next patterned on the same wafers as described below. 6. The wafers are washed with water (quick dump rinse followed by an ultra pure water bath) to remove any remaining developer residues.
7. The features are annealed (to create a rounded profile) by placing the wafers on a Sawatec LSM250 hot plate for 300-600 s at 140°C. 16. For the control wafer, excess PDMS is cut away from the body of the wafer and a frame is left near the edges to reduce the quantity of PDMS required for subsequent batches of chips.
PLL microarraying
1. Glass slides are arranged in a rack and submerged in a covered dish containing a 57% Ethanol, 10% w/v NaOH solution. The slides are incubated for 2 h with gentle shaking, then rinsed 5x with Milli-Q water and air dried.
2. The arraying pin is placed in a 15-ml conical tube containing a soap-water mixture (~0.5 ml dish soap diluted in 15 ml water) and placed in a sonication bath for 10 min (see Note 9) . The soap-water mixture is then replaced with 70% ethanol and the pin is sonicated for another 10 min. The pin is dried with a nitrogen air gun and placed in the microarrayer head. inks, the pin is washed with water for 500 ms and dried for 500 ms. Humidity in the spotter is set to 50%.
5. Orientation marks are placed on the slides (see Note 11) and 2 h after arraying is complete, PLL arrays are washed 5x 30 s with Milli-Q water, dried using a nitrogen air gun, and stored in a desiccator. PLL slides should be .
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Lipid-DNA microarraying
For a modification of this method (gelatin-DNA method), see Note 12.
1. A 0.5% gelatin solution is prepared as follows: 0.15 g of gelatin is added to 30 ml of Milli-Q water that is already at 60°C. The mixture is incubated in a 60°C water bath and swirled gently 8x during a 15 min period. The solution is removed from the bath and left at room temperature until it has cooled to 37-40°C. The mixture is then loaded into a syringe, filtered through a 0.45 µm membrane, and stored in 700 µl aliquots at 4°C (see Note 13). 6. 12.7 µl of the 0.5% gelatin solution and 12.7 µl of a 0.1% fibronectin solution [12] are added and mixed by pipetting up and down.
Sucrose is dissolved in EC buffer
.
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8. The microarray pin is cleaned as previously described and placed in the microarray head. The PLL-patterned slides are oriented in the holders and the spotter is programmed to spot in the same positions as previously used for PLL.
9. The lipid-DNA is stamped once per spot (see Note 15) . Spotting parameters are 1 s inking time, 500 ms printing time, 4 stamps/ink. Every 40 inks, the pin is washed with water for 500 ms and dried for 500 ms. Humidity in the spotter is set to 65%.
10. Printed slides are stored in a desiccator and used within a few weeks.
Device assembly
1. The spotted glass slides are cleaned with a nitrogen air gun and placed into a plasma chamber with the spots facing up. 
Microfluidic setup and operation
The microfluidic setup comprises pressurized manifolds for flow and control layer manipulation, a fluorescence microscope, an incubation chamber, and a camera (Fig. 3) . (Fig. 1a, C1-C17 ). Once the air in the chip's control lines has been replaced by water, the pressure is increased to 22 psi. 2. For large volume or long-term flow connections, PTFE tubing is used (see Note 19) . A bottle containing filtered CO 2 -independent medium supplemented . CC-BY 4.0 International license not peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/200261 doi: bioRxiv preprint first posted online Oct. 9, 2017; with 10% FBS, antibiotic-antimycotic, and glutamax is attached to the microfluidic setup (see Note 20) . A piece of tubing is placed inside the bottle, running from top to bottom. The tube is connected to a pin that punctures the septa of the cap (this entire assembly is autoclaved prior to use). On the other side of the septa, the pin is connected to a longer piece of tubing that connects to the chip. Finally, a second piece of tubing is attached to a manifold at one end and punctures the septa on the other end. This setup pressurizes the bottle to drive flow into the chip (Fig. 3) . 9, 2017; increased to accelerate this step. Once all air has been removed, C8 is opened to permit continuous flow. 2. For the first hour after loading, medium is pulse perfused [21] to promote attachment and prevent cells from being washed out of the chambers (Fig. 4b, Note 25). Medium is flowed for 5 min through the channels with access to the chambers closed. For the next 5 min, the flow of medium is stopped and the valve joining the chambers and medium channels are opened.
3. After 1 h of pulse perfusion, the top/bottom chamber valves are opened and medium is continuously flowed at a rate of ~1 ml/h (see Note 26).
Imaging
1. To measure transfection efficiency, images are acquired 48 h (see Note 27) after introducing cells onto the chip, using 20x magnification to capture an entire chamber in the field of view (Fig. 5a ). Images can also be acquired continuously after cell loading to monitor the progression of protein expression. Chambers are imaged in fluorescence and brightfield modes to count both the number of fluorescent cells and the number of total cells.
Images can be stitched together (for example using the Grid/Collection
Stitching plugin in Fiji [22] ) to reconstruct the entire array (Fig. 5b) . Cells can be counted using programs such as CellProfiler or Matlab. 2. The FBS should be of high quality and subjected to limited freeze-thaw cycles to ensure high transfection efficiency.
3. Designs intended for use with positive photoresist should be inverted before mask writing to ensure proper polarity, and a frame should be added around the features to provide sufficient empty space around the design.
4. If problems with AZ9260 adhesion to the wafer are experienced, an HMDS bake may be performed prior to dehydration and coating.
5. Multiple layers of foil may be necessary to prevent holes. The foil prevents direct contact and bonding between the PDMS poured on the wafer and the glass dish.
6. To fabricate functional microfluidic chips, it is essential to work quickly, protect the exposed flow layer, and keep wafers and chips free of dust. Chip fabrication can alternatively be performed in a clean room environment.
Wafers should never be cleaned with water or organic solvents.
7. Wafer-containing glass petri dishes should not be stacked in the oven, since this results in sub-optimal heat distribution. 14. In the case of limited DNA samples, the lipid-DNA recipe can also be halved.
15. Depositing lipid-DNA multiple times per spot does not increase transfection efficiency, and as has been previously reported [17] results in imprecisely localized spots due to spreading of excess DNA.
16.
A maximum of 2 chips should be plasma treated at a time since alignment is time sensitive and must be performed immediately after plasma treatment. 19. PTFE tubing is used to supply long-term culturing medium because cell toxicity may be observed when using Tygon tubing, as has been previously reported [23] .
20. The medium bottle should be carefully handled since any frothing may introduce bubbles onto the chip. 
